Our newly designed image-guided radiotherapy (IGRT) system enables the dynamic tracking irradiation with a gimbaled X-ray head and a dual on-board kilovolt imaging subsystem for real-time target localization. Examinations using a computer-controlled three-dimensionally movable phantom demonstrated that our gimbals tracking system significantly reduced motion blurring effects in the dose distribution compared to the non-tracking state.
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Introduction
Organ motion is an important issue during external-beam irradiation of extra-cranial lesions, particularly in the intra-thoracic and upper-abdominal regions, in which a tumor may move 12 cm as a result of respiration [1, 2] . This motion results in blurred dose distributions and an enlarged beam penumbra at the radiation field edge [3, 4] . Therefore, sufficiently large safety margins are required to compensate for motion effects when using conventional techniques. Several approaches have been used to minimize motion effects, including respiratory inhibition [5] , breath-hold [6, 7] , respiratory gating [810], and tracking.
Real-time tracking irradiation is classified into two subcategories, according to the delivery scheme [2] . The first is intercepting irradiation, in which a therapeutic beam is gated to irradiate a tumor at a planned position by intercepting the tumor trajectory. This is in contrast to pursuing irradiation or dynamic tracking, which involves irradiating the target continuously as it moves through three-dimensional (3D) space. Pursuing irradiation provides higher delivery efficiency and greater comfort than gating and intercepting irradiation, in which the relative low duty cycle (typically 30-50%) prolongs treatment time. In a robot-mounted linear accelerator (LINAC) system [11] , pursuing irradiation is achieved through the use of a robotic arm, whereas dynamic multi-leaf collimator (DMLC)-based tracking utilizes a moving aperture [12] . Alternatively, a robotic couch moving in real-time in response to organ motion has been considered [13] , although this approach may be problematic in terms of patient discomfort and potential danger.
The image-guided radiation therapy (IGRT) system described here, which was designed for precise initial setup, high throughput, and pursuing irradiation of moving 5/15 targets, was developed by Mitsubishi Heavy Industries in collaboration with Kyoto University and the Institute of Biomedical Innovation and Research. The system involves a novel gimbaled X-ray head that directs a multi-leaf collimator (MLC)-shaped beam to a designated point in real-time. This paper describes a novel method for pursuing irradiation, termed "gimbals tracking", and provides data demonstrating its efficacy in reducing motion-induced marginal blurring.
Materials and Methods

IGRT and the gimbals mechanism
The concept and configuration of this IGRT system using a gimbaled X-ray head were previously introduced by Kamino et al. [14] . Briefly, a compact, lightweight, C-band 6-megavolt (MV) LINAC was mounted on a gimbaled X-ray head with a MLC, and the entire moving unit was installed on a ring-shaped gantry within a crescent-shaped cover. The X-ray head can rotate along the two orthogonal gimbals (pan and tilt rotations) In this study, a prototype IGRT system was used. One of the differences from the commercial system was the MLC; the prototype used in this study had 40 pairs of 4-mm-thick leaves, which made a 16-× 16-cm field at the isocenter, whereas the 6/15 commercial version had 30 pairs of 5-mm-thick leaves, which provide a 15-× 15-cm field.
Movable phantom system
A three-dimensionally movable phantom was developed to evaluate pursuing irradiation; the mechanical characteristics and accuracy of this system have been described previously [15] . The phantom system consisted of a drive unit, a computer control unit, and a spherical phantom (diameter, 19 cm). Radiographic film was inserted between the hemispheres of the phantom, and a copper plate was attached to the inside of the upper hemisphere to minimize film exposure. A pin-hole with a diameter of 2 mm at the center of the plate was used as a fiducial marker. The drive unit consisted of three linear stages designed to move the phantom according to the three-dimensional (3D) trajectory and velocity specified by the control unit.
Film irradiation
Irradiation tests using a prototype of our IGRT system were performed to evaluate the efficacy of gimbals tracking in reducing dose blurring. A 6-MV beam was used to irradiate an 8-× 8-mm field of film in the phantom under the following conditions: During pursuing irradiation, the frame rate for real-time imaging was 7.5 frames/s, and an original predictive protocol based on a linear autoregressive model was applied to compensate for the mechanical and image processing lag of the tracking system. The Levinson-Durbin recursion algorithm was used to determine the coefficients of the model at a high speed [16] . This protocol allows prediction of the target position based on the past time series data and provides the gimbal control unit with positional information within milliseconds after obtaining the current position.
The irradiated film was developed, and its optical density was evaluated using a film analyzer. To mimic the clinical setting, motion effects in a 48-× 48-mm field were also examined, using a respiratory-like wave, which was created from measured data for human abdominal wall motion.
Results
In every motion pattern, pursuing radiation using the method described here significantly reduced motion effects (i.e., blurring). Figure 1 shows the two-dimensional (2D) dose distributions and line dose profiles for an 8-× 8-mm field moving in a triangular wave or a circular motion. During linear reciprocal motion ( Fig. 1[1] ), the 2D dose distribution for the phantom showed significant marginal blurring, reflecting the motion probability density function (PDF). Pursuing irradiation dramatically reduced blurring and produced a dose profile slope similar to that of the stationary state (<~1 mm).
During circular motion ( Fig. 1[2] ), a faint circular dose distribution was obtained; by 8/15 contrast, pursuing irradiation produced a square dose distribution, similar to that of the stationary state, with only slight marginal blurring in all directions. 
Discussion
The data presented here demonstrate the utility of gimbals tracking as a new method for pursuing irradiation. Gimbals tracking has three primary advantages. First, one-degree-ordered small-angle rotations of the gimbals provide quick and accurate beam adaptation to designated positions of a mobile target. Second, the mechanism is relatively simple and thus minimizes mechanical load. Finally, our system is safer than systems involving a robotic arm because the moving unit is covered.
However, we acknowledge that the beam path in the gimbals tracking system varies from the planned beam to some extent. This is one of the differences from the robot-mounted LINAC system, in which the beam path changes in parallel to the original path during beam tracking. Variation in the beam path is greatest when a target on the isocenter moves on a plane perpendicular to the beam. When the gimbaled head swings 9/15 its maximum rotation by as much as 2.4° along both the pan and tilt axes of the gimbals, the target can be located 5.9 cm from the isocenter on the plane, and the distance between the target and radiation source is 100.2 cm. This discrepancy in distance compared to 100 cm means an approximate 1% dose change when calculated based on the percent depth dose (PDD) of the beam. Therefore, the effect of the beam path variation due to limited rotation of the gimbals appears to be reasonably small in terms of the dose. However, it would be better to simulate the impact of the described effects and to confirm whether possible dose differences are within clinically acceptable limits using a treatment planning system. Therefore, we plan to develop a treatment planning program for our system that will allow us to simulate and evaluate the dose distribution of tracking irradiation with a gimbal-mounted head.
In stereotactic body radiotherapy, gimbals tracking provides higher delivery efficiency than either gating or robotic tracking, and in comparison with robotic tracking it produces a more homogeneous in-field dose distribution, without cold spots. This is because, as in DMLC tracking, gimbals tracking uses ten or fewer flattened beams that are MLC-shaped to include the whole target in the beam's eye view. By contrast, robotic tracking is more time-consuming because several tens to 100 narrow conical beams are used, creating greater inhomogeneity in the dose distribution profiles compared with those of conventional MLC. Moreover, tracking error may occur independently in each beam, resulting in unpredictable hot and cold spots in the target.
Strictly speaking, the movement of a target in the human body involves both positional change and deformation. However, the deformation is relatively small for a small solitary tumor without lymph node metastasis, which is the most appropriate candidate for pursuing irradiation in general, rather than a large tumor, which may have a 10/15 complex shape, subclinical extension, and lymph node metastasis. However, if deformation could be detected by an imaging system, such as a four-dimensional (4D) computed tomography (CT) scanner, a 4D treatment planning system considering these movements would help to cope with this issue. We have been developing an original 4D planning system at Kyoto University. If these technologies were available, gimbals tracking could be achieved by adjusting the irradiation fields to cover the entire target, including deformation. This is an advantage over a robot-mounted LINAC system, which would not easily compensate for deformation.
In terms of real-time imaging, our system uses a gantry-mounted stereo kV X-ray imaging system to detect real-time 3D positional information for a mobile target. This technique is capable of directly tracking tumors based on the density difference between the tumor and normal lung tissue, provided that the tumor is well defined with a high-contrast edge. Several variations of our tracking system would be possible in a clinical setting, such as direct tracking, external surrogates, and internal surrogates (fiducial markers, diaphragms, etc.). Further research is required to develop prediction techniques and correlation models for the surrogate signal versus internal tumor motion.
The EPID allows visualization of the radiation field aperture and the tumor/internal surrogate, and thus may play an important role in verifying MV beam allocation.
Regarding the validation data presented in this study, our results showed that a 48-× 48-mm field produced a 38-mm high-dose area exposed to more than 95% of the dose in the stationary state (See Fig. 2) . However, motion blurring in the non-pursuing state decreased the width of the high-dose area to 26.4 mm, which theoretically means that the field size in the target motion direction should have been enlarged to about 60 mm to create a similarly sized high-dose area. With pursuing irradiation, even if the slight 11/15 marginal blurring is considered, a 50-mm field was large enough to create the same high-dose area. The slight blurring demonstrated in this study arose for several reasons, such as delays in image processing and communication, prediction error, and a mechanical response time lag. In fact, the response delay of the gimbals during the actual test was a maximum 0.40.6 mm to sinusoidal motion, as mentioned in Kamino et al. [14] . Further investigation of these factors would improve the tracking accuracy of our system. Another solution to improve prediction accuracy may be to increase the sampling rate or imaging frame rate. However, the sampling rate is limited by processing time, and the rate we used in this study (7.5 frames/s) is the maximum possible using the system described here. Excessively high imaging frame rates are not feasible in clinical practice because of exposure to the imaging dose.
Although a few potential problems remain to be resolved, our data indicate that this gimbals tracking system is well balanced and potentially ideal for realizing pursuing irradiation.
Conclusion
A movable phantom was used to examine the basic capabilities of a novel, gimbal-mounted IGRT system. Pursuing irradiation with this system significantly reduced motion-induced marginal blurring. Further research is underway to refine this technique for clinical use. 
